We present a detailed analysis of the quantum-nondemolition (QND 
I. INTRODUCTION
A quantum-nondemolition (QND) measurement may be implemented in optics via a four-wave-mixing interaction [1 -3] . In such systems a measurement of the phase fluctuations of a probe field enables the amplitude fluctuations to be determined in a manner which evades back-action noise. Experiments demonstrating this effect have been performed by Levenson et al. [4] using fourwave mixing in optical fibers and by Grangier, Roch, and Roger [5] , who coupled two electromagnetic-field modes via a two-photon cascade transition in a three-level atom. The QND correlations obtained in these experiments have been limited by excess noise.
In the experiment of Grangier, Roch, and Roger [5] , the signal and probe beams were significantly detuned from the intermediate level to avoid absorption and spontaneous-emission noise. In order to compensate for the loss of interaction strength, it was necessary to increase the density of atoms. Increasing the density of atoms, however, increases noise due to collisions. We seek a way to obtain a large QND gain with smaller atomic cooperativities. Several theoretical analyses [6 -8] of QND measurements using three-level atoms in the cascade configuration have been made, the most complete being that of Poizat, Collett, and Walls [8] , where the intermediate level is included.
In this paper we wish to describe a proposal where one atomic transition is coherently driven by a strong signal field and the remaining transition is scanned by a much weaker probe beam. The atoms may be in the A or cascade configuration. In the latter case, the signal drives the upper transition [9] [cf. Figs. 1(a) and 1(b)]. The effect of the strong pumping by the signal is that almost all the population will be in the ground state of the probed atomic transition. Thus the signal will be applied to an essentially empty transition ("ghost transition"), which greatly reduces signal absorption and spontaneous-emission noise. Since the atomic medium is effectively transparent for the signal, degradation is negligible.
The strong signal field will dress the atomic levels be- 
For a perfect measurement, we have N'q(X, '" Y'"'} =0.
The second criterion characterizes the signalnondemolition property of the device. The correlation coefficient that will quantify this property is given by
We have C (X, '"Y "') C [ ((X'")')((X'"')') (4) tween which it is applied. (6) This criterion gives in fact the state-preparation ability of the system. For a perfect state-preparation device V(X;"'~YP"')=0, whereas V(X;"'~YP"')=1 (no quantum effect) for a beam splitter.
Note that the ordering has to be considered very carefully when dealing with frequency spectra of these various coefficients (see Refs. [8, 13] ).
III. A CONFIGURATION-ANALYTICAL RESULTS
In this first part we want to give an account of the interaction of three-level atoms in the A configuration with two coherent light fields as depicted in Fig. 1(a) . We assurne the light fields to be detuned from the atomic resonances by an amount of 6, and 62, respectively. The spontaneous decay rates are denoted by 2I, and 2I 2. 
D is the product of the frequency differences between the probe input frequency cD~" (level~u ) in Fig. 2 ) and the transition frequencies between level~0) and the lightshifted levels~+ ),~-) of the excited state~2).
In Fig. 3 (10) X,(CD)
where the atomic-noise quadrature operators are arranged in the vector B, . We will outline this in greater detail in Sec. VI. One may obtain analytical expressions for the susceptibility matrix y and the atomic-noise correlation matrix G, = ( B,B, ) under the following restrictions.
(1) We only calculate the zero-frequency component. (2) We introduce an ordering scheme such that &= l&~/&,~a nd rI, as defined in Eq. (9) , are of the same order of magnitude and only lowest-order terms in the product of both parameters are considered. 
In terms of equivalent input noises, this reads N'q=0. From Eqs. (14) and (16), we realize that the requirement q))max(a, 1) is essential to obtain good QND correlations. Since a and q depend on the cooperativities C and C" this requirement may be used to estimate the minimum cooperativities compatible with good QND performance.
We now calculate the degradation the signal phase experiences due to the measurement. The minimum degradation of the signal phase is obtained from the Heisen- We realize that the signal phase has picked up some excess noise, which shows that after the measurement the signal plus probe system is no longer in a minimumuncertainty state. Note that the parametric model [5, 6] which predicts a minimum-uncertainty state, cannot account for terms proportional to the coefficients b and p, which are entirely due to atomic noise.
In order to show that the QND effect is not symmetri- It is our objective to achieve almost perfect QND performance, as characterized by the three QND coefficients in Eqs. (14) - (16) We shall now consider the effect of additional damping on the QND performances of this scheme. In its present form, our description of the A-model atom does not include damping terms for the atomic two-photon coherence 00, between the two low-lying levels~0) and~1).
Such terms could arise from atomic collisions. While the cascade structure of the ladder model naturally provides for damping of the two-photon coherence between the highest and lowest levels [cf. Fig. 1(b) Fig. 4 and equal ground-state relaxation rates of I "=0. 1I 2 are compared in Fig. 7 with the analytical approximations valid for I "=0. We realize that good performance can now only be achieved for a much smaller range of probe detunings 62. We also find that the conditional variance, and hence the signal amplitude, has picked up some excess noise [12] .
V. CASCADE CONFIGURATION
The cascade configuration used as a QND scheme has already been studied in several papers. In Ref. [6] analytical expressions were derived in the parametric limit, which cannot describe accurately the experimental results [5] . In the more complete calculation of Ref. [8] , the two beams had a similar intensity and no analytical results for the QND criteria were derived. But here the range of parameters considered allows us to derive approximated analytical expressions, as we did for the A system in the previous sections. , (r,n, '+r, z'), %'ithin this approximation there is no signal degradation and the measurement correlation coefficient C (X, '"Yz"') is related to the conditional variance V(X, '"'~Y'"'), describing the state-preparation ability of the device, by V(X;"'~Yz"')=1 -C (X, '"Y'"'). So If we take exactly the same parameters as in Fig. 4 Qc, c,&r,r, r', a, ,n, 'n b= -2 yr (n, +r,b, , /y ) Dr ,n, 'n, ' (r,n, '+r, a ', ) p=c, r, y r a2 (n2+r, af/) )i Note that the probe-absorption coeScient a contains now an extra term I,Q, due to two-photon absorption. The consequence is that the probe absorption is never zero, whereas it was the case for the A system at 6 =0, where we had coherent population trapping (see Sec The interaction between the system variables and various baths is The complex decay-detuning coefficients y, " and the real y; are functions of the natural atomic linewidths I,, I 2.
We find, for the decay constants, 
